The concentrations of adenosine triphosphate and phytic acid in testa, embryo plus scutellum, aleurone, and endosperm fractions from grain of Triticum vulgare cv. Insignia have been determined during development under both normal conditions and those of water stress. Phytic acid was not detected in the endosperm. In the embryo plus scutellum and aleurone fractions there was a rapid build-up of phytic acid, but the adenosine triphosphate level did not change markedly at this time. These results are not consistent with physiological roles previously suggested for phytic acid other than the role of phytin as a phosphorus and cation store for the germinating seed.
Phytic acid is a major phosphorus component of many seeds. In mature grain of Triticum vulgare cv. Gabo this compound, which accounts for about 88% of the acid-soluble phosphorus and 53% of the total phosphorus, is largely concentrated in the testa-pericarp fraction (11) . Despite the abundance of this material in the seed, very little is known of its physiological role. A suggestion by Atkinson and Morton (2) that phytic acid may be able to phosphorylate nucleotide diphosphates to triphosphates has some support from the work of Morton and Raison (13) and Biswas and Biswas (4) , but this evidence is not unequivocable. Recently Sobolev and Rodionova (20) reported that phytic acid was synthesised by a mixture of aleurone grains and mitochondria isolated from ripening sunflower seeds when myoinositol and succinate were present. On addition of hexokinase and glucose to this mixture the amount of adenosine triphosphate in the medium fell, and no phytic acid was produced. Both sets of findings imply that the rate of synthesis of phytic acid is closely linked to the ATP level in the cell. For this reason the amounts of ATP and phytic acid in several morphologically distinct components of the wheat grain were determined from shortly after anthesis through to ripening. (maximum temperature 27 C). Water was given regularly every 2 days. A second planting was maintained in a phytotron (day temperature 22 C, night temperature 10 C, day length 10 hr increased to 12 hr shortly before anthesis) and watered as before except that no water was given between the 10th day after anthesis and the 17th day when the flag leaf showed distinct signs of wilting.
MATERIALS AND METHODS
Wheat bran was commercial material available locally. Dissection. Two heads which had flowered on the same day were cut and immediately placed upright in water. The top third of each head was removed and discarded, and 16 to 20 grains from the center of the head were removed one at a time and every alternate grain (8 to 10 in number) was quickly dissected at room temperature with a needle and forceps. The pericarp above the cross cells and tube cells was first removed from the grain (testa fraction, T) and then the embryo plus scutellum (E + S) was dissected as a unit. Next a longitudinal cut was made in the grain opposite to the crease and the aleurone layer, together with the chlorophyll layer when present, was peeled off (aleurone fraction, A). The endosperm fraction (En) which remained included about 20% of the aleurone layer which had not been removed from the crease. Those grains not dissected formed the whole grain fraction (WG).
Determination of Fresh Weight and Dry Weight. Fractions from one of the heads were placed in weighed sample tubes which were stoppered and reweighed. The tubes were then opened, heated at 110 C for 16 to 20 hr, and cooled in a desiccator before being weighed again.
Extraction. Fractions from the other head were immediately placed in liquid nitrogen. Each fraction was then poured into a stone mortar, and when the nitrogen had evaporated the plant material was homogenized by hand with a chilled pestle. Either 2 or 4 ml of 0.4 N perchloric acid were added so that the whole of the homogenate was wetted before the acid froze. When the mortar had warmed to room temperature, the suspension was poured into a centrifuge tube.
Total Phosphorus Determination. Portions of the suspension (0.1-0.5 ml) were placed in glass tubes and dried at 110 C. The residues were digested in 2 or 4 ml of 70%0 (w/v) perchloric acid according to the method of Galanos and Kapoulas (6) , and phosphorus was determined as described by Bartlett (3) .
Inorganic Phosphorus Determination. The Plant Physiol. Vol. 45, 1970 were adjusted to 4 ml with water. Then 6 ml of isobutanol and 1 ml of acid molybdate reagent were added (24) , and the method of Jennings and Morton was followed (11) .
Phytic Acid Phosphorus. Portions (0.20 ml) of the centrifuged extracts were applied in a narrow transverse band 4.0 cm long across a Whatman 3MM chromatography paper which had been previously washed first in 0.1 M oxalic acid and then with dilute ammonia solution. Two such bands together with phytic acid standards were spaced across a 15-cm strip of paper which was subjected to electrophoresis at 2 kv for 45 min in the apparatus described by Tate (23) . When dry the electrophoretograms were passed through the 95%O acetone dip reagent of Harrap (8) and heated at 65 C for 15 min before irradiating with an ultraviolet lamp. The blue spots which indicated phytic acid were cut from the paper (areas less than 10 cm2) and digested with 10 ml of 70% (w/v) perchloric acid in Kjeldahl flasks fitted with cold fingers, and the phosphorus was determined as described (3) . The recovery of standard phytic acid solutions in these procedures was at least 90%.
Luciferin-Luciferase Assay for ATP. To 0.1 ml of each of the centrifuged extracts was added 0.9 ml of water, and 0.1-ml aliquots of this solution were analyzed for ATP by the method of Strehler and Totter (22) as modified by Stanley and Williams (21) . Internal standards were incorporated in all assays which were performed within a few hours of the extraction.
Exchange of Inorganic Phosphate with Phytic Acid. Phytase was prepared by ammonium sulphate precipitation of a wheat bran extract according to the method of Nagai (14) . The dialyzed solution contained 12 separated by the method described for determining phytic acid. The area of the paper containing phytic acid was cut from the chromatogram and counted in a Beckman low $11 gas flow proportional counter, and then the phosphorus was determined as before. A similar experiment was performed except that the incubation mixture contained 20 mg/ml of wheat bran which had been homogenized in liquid nitrogen in place of the sodium phytate and purified phytase enzyme.
RESULTS
Accuracy of the Data. The changes in fresh weight and dry weight during grain development are shown in Figure la . Similar results for the whole grain fraction (WG) were obtained on two other occasions from wheat grown under field conditions, and the same pattern is observed when wheat is grown under optimum conditions in the phytotron (P. E. Stanley, personal communication). All are very similar both quantitatively and qualitatively to the results recorded by Jennings and Morton (10) . Although our data were obtained from samples of only 10 grains from a single head, it appears, therefore, that for components of the grain which exhibit little variation from day to day this small sample size introduces a negligible sampling error. The differences between the normal growth pattern (Fig. la) and the one for grain grown with an interrupted water supply (Fig. lb) are therefore real differences.
Before the 7th day after anthesis the grain was too small to dissect, and after the 35th day it is too dehydrated. Examination of the individual morphological fractions was therefore restricted to the central period of the grain's development.
For each variable which was recorded for the dissected fractions the same one was recorded for a similar sample of whole grain taken from the same head. The sum of the values for the testa fraction (T), the embryo and scutellum fraction (E + S), the aleurone fraction (A), and the endosperm fraction (En) was expressed as a percentage of the value for WG. Percentage recoveries for each component, after each dissection, were determined in this way, and a summary of the results is given in Table I . Recovery of dry material and total phosphorus was about 100%. However, there was a small loss of fresh weight probably caused by evaporation of water during dissection. Small changes in the inorganic and phytic acid phosphorus are consistent with the action of phosphatases. The recovery of ATP is definitely low, however, and must reflect the high level of ATPase in these tissues. A loss of between 12 and 33% of the ATP present in the intact wheat grain was reported by Jenner (9) although his dissection procedure was simpler and more rapid than the one described here.
In order to compensate for this loss of ATP the values for the fractions T, (E + S), A, and En obtained after each dissection were corrected according to the percentage recovery of ATP noted for that dissection. Values of the other components were corrected in a similar manner.
The variation in the data shown in Table I is small relative to the changes most of the variables exhibit during development (Figs. 1-5 Figure 2 shows that the effect of the water stress is to induce a low fresh weight and moisture content between days 14 and 31 and also to depress the rate of accumulation of dry matter during this period. These effects are most pronounced in the endosperm and testa which appear to buffer the aleurone and embryo from this change in the environment.
Distribution of Phytic Acid Phosphorus (PO) and Total Phosphorus (PT). The rate of accumulation of phytic acid in the aleurone layer is maximal at day 23 in the stressed grain and at day 28 in the normal grain (Fig. 6, a and b) although both grains finally dehydrate at approximately the same time (Fig. 2) . Similar effects are noted in the embryo plus scutellum fraction although they are not so marked (Figs. 3 and 6) .
It would appear from Figure 3 that the endosperm contains significant quantities of phytic acid, but at several stages during development both before and after day 30 no trace of this compound was found in endosperm which had been carefully dissected from the cheeks of the grain so that contamination with the aleurone layer was avoided. This result is in accord with the work of Rijven (17) . It is concluded, therefore, that significant amounts of phytic acid do not occur in the endosperm and that the levels recorded in Figure 3 merely represent contamination of the endosperm fraction by the aleurone layer.
Distribution of ATP and Inorganic Phosphorus. Figure 4 shows the amounts of ATP found in the fractions. The water stress produced a marked decrease in the total ATP level which reached Days FIG. 6 . a: Values for the molar concentration of ATP (@), in the aleurone fraction (A) and the embryo plus scutellum fraction (E + S) from the normal grain were calculated by dividing the ATP content of these fractions (Fig. 4) by the respective moisture content (Fig. 2a) and are plotted against time after anthesis. The relative rate of change in the phytic acid phosphorus (PO) with time (dP,/dt) for these fractions is similarly plotted (U). This function was determined graphically from a plot of Ps against time for these tissues (Fig. 3a) . b: Data for the stressed gain analogous to those presented in part a for normal grain are displayed.
Plant Physiol. Vol. 45, 1970 a minimum near day 24 but increased to greater than normal values by day 31. This effect was least in the embryo and scutellum fraction.
Little difference in the distribution pattern of Pi between the two treatments was seen, however (Fig. 5) .
Relationship between Concentration of ATP and Phytic Acid. The water content of each fraction at any stage during development may be read from the graphs (Fig. 2) , as can the quantity of ATP present (Fig. 4) . If at a given point on the time scale the quantity of ATP is divided by the corresponding water content, then a parameter is obtained which has the dimensions of concentration and represents the mean concentration of ATP in the given fraction at that time. Results obtained in this way have been plotted for the embryo plus scutellum and aleurone fractions (Fig. 6, a and b) . The graphs also show the rate at which phytic acid accumulates (d P4 /dt). This was determined for each fraction by drawing a curve through a plot of phytic acid phosphorus against time and then determining graphically the gradient of this curve at various points.
The ATP concentration is similar in the various components, and for the normal grain there is no marked change in this level during the accumulation of phytic acid although in both the A and (E + S) fractions the ATP concentration falls markedly shortly afterwards (Fig. 6a) . For the water-stressed grain, the increase in phytic acid coincides with a low ATP concentration in fraction A and an increasing ATP level in fraction (E + S).
Exchange of Inorganic Phosphate with Phytic Acid. The exchange of 32Pi with phytic acid in the presence of an active phytase was examined. The results obtained with a purified phytase preparation are shown in Table II , and those obtained with a crude bran homogenate are shown in Table III . In neither case was a significant exchange reaction observed. Table II . Exchanzge of 32Pi with Phytic Acid Exchange of 32Pi (2.2 ,c/ml) with phytic acid (1% w/v) in the presence of purified wheat bran phytase (1.2 mg/ml) of specific activity 3.8 ,umoles of Pi liberated per hr per mg in acetate buffer, pH 5.5, at 20 C. At the times indicated the phytic acid in an aliquot of the incubation mixture was separated by electrophoresis and counted, and then the phosphorus in this fraction was determined (see "Materials and Methods"). DISCUSSION Three physiological roles suggested for phytic acid in seeds are (a) a phosphorus store (7), (b) an energy store (4, 13), (c) its rapid synthesis near maturity represents such a drain on ATP that the metabolism of the seed is inhibited and dormancy ensues (20) .
The first role has been discussed elsewhere (7) . Since phytic acid accounts for such a large proportion of the phosphorus present in mature wheat grain (11) and that this compound is undoubtedly hydrolysed to inorganic phosphate during the first days of germination (12) the role of this compound in providing the growing plant with a significant pool of inorganic phosphorus at this time cannot be denied. The real question is whether phytic acid fulfills any role additional to this one and we shall therefore turn our attention to the other possibilities.
The postulated high phosphoryl transfer potential of phytic acid (2) has led to the suggestion by Morton and Raison (13) that phytic acid is involved in protein synthesis in the wheat endosperm and also led Biswas and Biswas (4) to suggest that phytic acid may provide an energy store on which a seed can draw for the very first processes of germination. Our results show, however, that there is no significant level of phytic acid in the wheat endosperm, in agreement with the results of Rijven (17) . This conclusion does not support the work of Morton and Raison. Phytic acid may well have been present in their preparation, but this would probably have arisen by contamination of the endosperm plastids with aleurone grains from the aleurone layer. This tissue could easily have been damaged sufficiently in the rolling process by which the endosperm was obtained to release considerable quantities of aleurone grains.
The suggestion of Biswas and Biswas implies that the enzymes responsible for the utilization of the energy contained in phytic acid during germination must be present in the mature seed since energy would be required for their synthesis de novo.
The enzyme phytase, which can be purified from the mature seeds and is responsible for the degradation of the phytin during the first few days of germination, has, however, all the characteristics of a nonspecific phosphomonoesterase (14) . Figure 6 show that this is not so since the concentration of ATP does not fall to low levels until approximately 7 days after the maximum rate of phytic acid formation (Fig. 6) . Nevertheless, in rice grain (1) and in the potato tuber (18) a sharp rise in phytic acid occurs shortly before maturity, which suggests that the synthesis of phytic acid is associated with the onset of dormancy.
